the signal. The significance of these estimates was tested against nonoverlapping 45-year-long slices of data derived from the control run, i.e., against the hypothesis that the heat-content changes in the anthropogenic runs could have occurred as a result of natural, internal variability in the absence of any anthropogenic forcing. Forty-five-year chunks of the control run data were processed just as the observations and five anthropogenic realizations were processed, and then projected onto the signal. The results show that the signal strengths of the five realizations and observations are quantitatively similar and nonzero relative to the uncertainty of the natural variability of the model, i.e., the model and observed projections are statistically consistent and not expected to occur as a result of internal model variability. The confidence associated with this statement exceeds 95%. With no variance weighting, i.e., nonoptimal detection, the results were essentially identical, if not a little stronger than in the optimal case. ) , Mi-1, corresponds with a rare orbital congruence involving obliquity and eccentricity. The anomaly, which consists of low-amplitude variance in obliquity (a node) and a minimum in eccentricity, results in an extended period (ϳ200 ky) of low seasonality orbits favorable to ice-sheet expansion on Antarctica.
the signal. The significance of these estimates was tested against nonoverlapping 45-year-long slices of data derived from the control run, i.e., against the hypothesis that the heat-content changes in the anthropogenic runs could have occurred as a result of natural, internal variability in the absence of any anthropogenic forcing. Forty-five-year chunks of the control run data were processed just as the observations and five anthropogenic realizations were processed, and then projected onto the signal. The results show that the signal strengths of the five realizations and observations are quantitatively similar and nonzero relative to the uncertainty of the natural variability of the model, i.e., the model and observed projections are statistically consistent and not expected to occur as a result of internal model variability. The confidence associated with this statement exceeds 95%. With no variance weighting, i.e., nonoptimal detection, the results were essentially identical, if not a little stronger than in the optimal case. 32 (9) , is characterized by a series of obliquity period cycles beginning at 23.3 Ma over which ␦ 18 O increase, to a peak at ϳ23.0 Ma. This peak is followed by a series of three declining cycles (deglaciations) over the next ϳ150,000 years. Thereafter, the cycles appear to be predominantly 100 ky. A second, but weaker, positive ␦ 18 O excursion occurs at 21 Ma. The ␦ 13 C values show low-frequency cycles that increase in amplitude and value, eventually peaking from 23.0 to 21.6 Ma, after which they decline.
To ascertain the nature of the high-frequency signals in the isotope records, we first built composite ␦ 18 O and ␦ 13 C time series by splicing gaps in the Hole 926B records with grafts from the Hole 929A records [Web table 1 (10) ]. We then applied band-pass gaussian filters to each isotope record as well as the orbital calculations and MS to extract oscillations associated with 400-, 100-, and 41-ky cycles [AnalySeries (11)] (Fig. 1B) . In the 400-ky band, both the ␦ 13 C and ␦ 18 O filters co-vary with the 400-ky filter of eccentricity, in that they appear phase-locked between 20 to 24 Ma. Also, the 400-ky eccentricity-related amplitude modulation of ␦ 13 C, and to a lesser extent ␦ 18 O, exhibits a pattern similar to that of the orbital modulation, including subtle peaks near ϳ21.4 and 23.0 Ma (Fig. 1B) Evaluation of variance in the isotope time series in the frequency domain by spectral analyses (12) revealed spectral power concentrated at all the primary Milankovitch frequency bands ( Fig. 2A) : obliquity (41 ky), eccentricity (95, 125, and 406 ky), as well as precession (19, 23 ky), which was not resolved by the Site 929 spectra. Additional power can be seen in the 54-ky band for ␦ 13 C. To evaluate the patterns of frequency change in the time domain, we constructed evolutive spectra for each variable, including MS (Fig.  3) . Variance is concentrated at the 41-ky period in both isotope series and MS. Modulation of the obliquity amplitude and frequency at a 1.25 My period is prominent in MS but can be seen in the ␦ 13 C data as well. Power at the eccentricity frequencies (95, 125, and 406 ky), which is weak in MS, builds and declines on lower frequency cycles in the isotope records. For example, lowfrequency power in the ␦ 13 C series appears to alternate between the two eccentricity band frequencies (100 and 400 ky) roughly every 2.3 My, whereas in the ␦ 18 O series it is persistent at both frequencies between 20 and 23 Ma, but only in the 100-ky band between 23.0 and 25.5 Ma. Also, as revealed by filtering, the concentration of power in the ␦ 18 O data at the 125-and 95-ky frequency bands is greatest between 21 to 23 Ma and modulates in a similar manner to the orbital elements.
Cross-spectral analysis shows that the -␦ 18 O record is highly coherent with eccentricity in each frequency band. The minima in ␦ 18 O lag maxima in eccentricity by 31 to 6 ky for the 400-and 125-ky periods, respectively ( Fig. 2B and Table 1 ). The relations between Ϫ␦ 13 C and the orbits are similar, although the phase lags are larger: 56 and 16 ky, respectively. In view of the residence time (ϳ10 5 years) of carbon in the ocean, these phase relations are consistent with the notion that orbital forcing of climate leads, and perhaps drives, changes in the ocean carbon budget. The phase relations in the obliquity band (not plotted) reveal high coherency for -␦ 18 O at 41 ky with a lag of 3 ky (ϳ25°) and slightly weaker coherency at 54 ky with a similar phase relation (ϳ30°). The phase angle of Ϫ␦ 13 C values, on the other hand, is -165°, or essentially 180°opposite that of ␦ 18 O. Complex demodulation of the detrended ␦ 18 O record of eccentricity and the orbital calculation were performed using the method of Park and Maasch (13). This analysis reveals a close correlation (r ϭ 0.6) between the amplitude modulation of the 100-ky eccentricity signal and that of the oxygen isotopes [Web fig. 1 (10) ], and cross-spectral analysis of the amplitude modulation shows a coherent phase structure, particularly from 21.0 to 23.4 Ma. In addition to supporting the precision of the independent orbital tuning, these findings indicate a persistent and strong link between eccentricity forcing and climatic response.
Several independent lines of evidence suggest that Antarctica was at least intermittently glaciated, though never fully ice-covered, during the latest Oligocene and early Miocene (14) (15) (16) On the basis of coherency patterns and phase relations, we find that all early Miocene eccentricity minima coincide with episodes of deep-sea cooling and increased ice volume, as indicated by the ␦ 18 O record. The same also appears to be the case for the obliquity cycles. This suggests that for ice to accumulate on Antarctica in the early Mio- 18 O and ␦ 13 C filters are reversed. For the isotope composite, splices from the Hole 929A record are used to fill gaps in the Hole 926B record (10) . Most of the splices were short, bridging gaps of less than 50 ky, primarily in the unrecovered coring gaps in Hole 926B. The exceptions are an unsampled interval from 20.8 to 21.1 Ma and an unrecovered interval centered at 24.5 Ma. The composite series was then resampled (⌬t ϭ 1 ky, n ϭ 5290) before filtering and other analyses. Filters with identical central frequencies and bandwidths are shown for the orbital eccentricity and obliquity curves (4) and for the composite magnetic susceptibility.
cene, the ideal situation is one in which the seasonal extremes ( precession and obliquity) are reduced, or more importantly, the summer temperatures are consistently cool. We speculate that for a polar continent, at least during the early Miocene, it is the lack of warm summers that permits ice sheets to expand; winter temperatures are less important.
The long eccentricity period (400 ky) is present but weak in the climatic spectrum of the late Pliocene and Pleistocene (18, 19) . In the latest Oligocene, power in the ␦ 18 O record at the 400-ky period is also weak, but doubles between 23 to 24 Ma, even though the eccentricity signal remains relatively constant. Why would sensitivity to forcing at this frequency suddenly increase during the early Miocene? The answer may lie in the global carbon cycle and atmospheric pCO 2 , the cycling of which is partially reflected in the ␦ 13 C data. The increase in amplitude of ␦ 18 O variation is preceded by an increase in the amplitude of the ␦ 13 C 400-ky cycle, as well as by a rise in the long-term mean (8) . Both changes hint at a change in one or several of the major fluxes in the global carbon cycle, most likely an increase in the rate of reduced carbon burial, and/or a decrease in the rate of mantle out-gassing of CO 2 (20).
The initial rise in amplitude of the 400-ky ␦ 13 C cycles precedes that in ␦ 18 O by ϳ1 My. This implies that the observed oscillations in ␦ 13 C and the carbon cycle are being paced or driven by climate cycles, but possibly feeding back into climate over both the short and long term. Similar 400-ky oscillations in ␦ 13 C values observed in other intervals of the early Cenozoic are thought to arise from variations in marine organic carbon burial as influenced by climate, and its attendant effects on atmospheric and ocean circulation and the carbon cycle (21) (22) (23) (24) . The constant phase relation between ␦ 13 C and eccentricity supports the notion that there is a coupling between climate and the carbon cycle. The cause of the late Oligocene rise in cycle amplitude or sensitivity to this pacing is unknown. It might have been caused by a large-scale reorganization of ocean circulation patterns (25, 26) or by tectonic changes. It is also possible that signal amplification originated in the low latitudes through eccentricity-modulated precession (27, 28) , although at present it is unclear what the nature of this coupling would be. In any case, our data show that a system sensitivity shift did occur, and that it was preceded by a major change in the operation of the carbon cycle.
Likewise, a reduction in atmospheric pCO 2 levels may explain the period of heightened sensitivity to eccentricity forcing, which is reflected in the relative increase in amplitude of the 100-ky cycles between 21.7 and 23.0 Ma. This is also the time when the coherence with eccentricity is at a maximum in terms of phase and amplitude. Because this coincides with the period of high ␦ 13 C values, it suggests that the system sensitivity (e.g., ice volume) to eccentricity-modulated precession is heightened when pCO 2 is low. The inference of a reduction in pCO 2 from the carbon isotopes is consistent with proxy (36) . The 10, 5, and 1% significance levels are indicated by dotted lines (confidence intervals of 90, 95, and 99%). The time series was detrended before analysis using a running mean filter, which provides better resolution of the low frequencies than a linear detrend. The Milankovitch frequencies are all represented and significant. Some of the suborbital spectra are marginally significant. (B) Log-variance cross spectrum, coherency, and phase of the ␦ 18 O and ␦ 13 C composites relative to the orbital spectrum obtained by cross-spectral analysis (Arand program). Following convention and to be consistent with the orientation of axes in Fig. 1B , the analyses are carried out on the inverse of both ␦ 18 O and ␦ 13 C relative to the orbital spectrum. The number of lags was set to 800 for analysis of eccentricity frequencies (bandwidth ϭ 0.00166) and 500 for obliquity (results shown in Table 1 ) with a 95% confidence interval. The maximum frequency is set to 0.02 ky Ϫ1 to highlight the relations at the eccentricity frequency bands. For coherency and phase, points are shown only where cross-spectral density exceeds 1% of the maximum. Fig. 3 . Evolutive spectra for eccentricity, obliquity (tilt), and precession (ETP) (4) magnetic susceptibility, and the ␦ 18 O and ␦ 13 C composites with periods plotted on the left axes. The analysis is based on the Thomson multitaper method with a time-bandwidth product of 4, eigenspectra of 6, a sliding window length of 750 ky, and a step size of 50 ky. Because of the relative weakness of the higher frequency signals in this analysis, the plots for ␦ 13 C and ␦ 18 O time series are terminated above the obliquity frequency. The figure shows how the distribution of signal power in the MS and isotope time series varies with time relative to the orbits.
records that show a mid-Cenozoic decline in pCO 2 across the O/M boundary (29, 30) . A similar mechanism has also been called upon to explain the onset of the 100-ky cycles in the late Pleistocene (31) .
The Mi-1 event stands out as a rare climatic anomaly; it precisely coincides with a major epoch boundary marked by accelerated turnover of several groups of marine and terrestrial biota (32) . The magnitude of the excursion suggests the brief appearance of a full-scale ice sheet on east Antarctica coupled with a few degrees of deep-sea cooling. The high ␦
18 O values at the peak of the excursion (ϳ2.2‰) are consistent with a global ice volume equivalent to that of the late Miocene.
Mi-1 coincides with a period of low eccentricity associated with the 400-ky cycle, but one that is no more extreme than previous and subsequent eccentricity minima (Fig.  4A) . What is unusual about the orbits is an extended period of low-amplitude variability in obliquity at approximately the same time, during which obliquity varied between 0.398 and 0.414 rad, or 22.80°to 23.72° (Fig. 4B) . These nodes in obliquity are a regular feature of the low-frequency ( period ϳ 1.25 My) amplitude modulation of obliquity and have already been implicated for driving late Miocene glacial cycles (33) . The obliquity node at 23.0 Ma, however, is longer than previous or subsequent nodes over the period 20 to 26 Ma by at least two obliquity cycles. The congruence of this node with an eccentricity minimum would have placed the planet in a position of sustained unusually low seasonal variability, with reduced extremes of warmth and coldness. We propose that during the early Miocene, a time when the Antarctic continent was only partially glaciated, accumulation of ice would have been limited by the "warm summer" orbital configurations (e.g., high obliquity). Beginning at 23.2 Ma, as eccentricity and the amplitude of obliquity declined, polar summers were consistently cooler and ice-sheets expanded until 23.0 Ma. After this time, as eccentricity rapidly increased, this process reversed, resulting in a rapid step-like reduction in ice-volume. Subsequent nodes in obliquity, which do not correspond with prolonged eccentricity minima, do not result in extreme glaciations.
The Mi-1 event also marks a fundamental shift in the climate system as evident in the ϳ0.4‰ jump in the baseline ␦
18 O values of benthic foraminifers from the late Oligocene to early Miocene and in the rise in the amplitude of the 406-ky cycles (Fig. 1) . This, and a gradual rise in mean ocean carbon isotope values preceding Mi-1, suggests that at 23.0 Ma the ocean or atmosphere system crossed a climatic threshold, switching to a new mode. This system reorganization may have triggered positive feedbacks from the carbon cycle, thereby creating a brief overshoot of equilibrium (34) . The pronounced carbon isotope enrichment approaching the boundary supports this hypothesis because it is consistent with a major shift in the nature or rate of carbon cycling. The exact cause of the carbon cycle perturbation is unknown. Nonetheless, the climatic response to the orbital anomaly would have been further enhanced by this feedback.
Other Neogene glacial episodes, including the onset of Northern Hemisphere glaciation in the early Pleistocene, have been attributed to low-frequency secular changes in the amplitude of obliquity (33, 35) . The data presented here, however, indicate that eccentricity-modulated variations in precession must contribute as well, at least during the early Miocene. In examining the orbital curves, we have identified at least two other intervals when low-amplitude nodes align with low eccentricity at 18.2 and 27.0 Ma. Although those nodes are not as long as at 23.0 Ma, characterization of climatic anomalies at these two times would substantiate the orbital anomaly hypothesis, while also serving to confirm the orbital solutions. O timeseries relative to (A) the orbital eccentricity and obliquity (in rad) curves (4) over the period 20 to 26 Ma and (B) over the period 22 to 24 Ma. Mi-1 coincides with an interval of low eccentricity and an "extended" low-amplitude node in obliquity.
sults were essentially identical, with the only difference being in the higher resolution and greater peak separation obtained with the Multitaper method. 100-ky signal, the direct effects of eccentricity on global climate, particularly in polar regions, are considered too small to account for these changes. This and the lack of a similarly strong climate signal associated with the 400-ky eccentricity band, which has an equivalent effect on the radiation balance, are often viewed as major deficiencies of Milankovitch theory. 20. Marine organic carbon has a mean ␦ 13 C of -20‰, whereas mantle-derived CO 2 has a mean ␦ 13 C of -7‰. As a result, a sustained change in the flux of either has the potential to alter the mean ␦ 13 C of the ocean, as well as pCO 2 , on 10 4 to 10 6 year time scales.
